ABSTRACT: Farmed escapees may threaten the genetic integrity of native salmon populations through interbreeding. However, introgression requires survival until maturation, successful reproduction and successful early development. These traits are often compromised in domesticated animals selected for high performance in captivity. This makes it difficult to predict introgression levels in native populations. A recent study estimated genetic introgression of farmed escaped Atlantic salmon Salmo salar in 20 Norwegian rivers and found highly population-specific levels of introgression. The underlying causes of these patterns, however, remain unknown. Here, using a modeling approach on empirical and demographic data, we demonstrated that a combination of the observed relative frequency of escaped farmed salmon and the average annual angling catch weights for rivers, provides a significantly better predictor for cumulative introgression of farmed salmon in wild populations than the frequency of farmed salmon alone. Our results suggest that the demography of the native population is a significant factor influencing the relative success of farmed salmon in the wild.
INTRODUCTION
Each year, 1000s or 100s of thousands of farmed Atlantic salmon Salmo salar L. escape from aquaculture installations into the wild. While the majority of escapees disappear (Hansen 2006 , Skilbrei 2010a , presumably due to predation and starvation, some migrate into rivers where native populations spawn in regions where aquaculture activities and native populations overlap, such as Norway (Gausen & Moen 1991 , Fiske et al. 2006 , UK and Ireland (Youngson et al. 1997 , Walker et al. 2006 , and North America (Morris et al. 2008) .
Farmed salmon have undergone domestication and directional selection for >10 generations, and show considerable genetic differences to wild salmon for a number of fitness-related traits. For example, they out-grow wild salmon under hatchery conditions (Glover et al. 2009 , Solberg et al. 2013a . Wild salmon populations are regarded as potentially adapted to their natal rivers (Garcia de Leaniz et al. 2007 , Fraser et al. 2011 , and the survival of farmed salmon offspring in the wild is lower than for native salmon (McGinnity et al. 1997 , 2003 , Fleming et al. 2000 . Therefore, farmed escapees, and potential genetic interactions with wild conspecifics, represent a threat to the viability of native populations.
Escapees have been observed spawning with wild salmon (Lura & Saegrov 1991 , Webb et al. 1993 , Saegrov et al. 1997 , but experiments suggest that their spawning success, compared to wild salmon, is much lower (Fleming et al. 1996 (Fleming et al. , 2000 . Nevertheless, genetic changes implying successful spawning of farmed salmon have been observed in wild populations in Norway , 2013 , Ireland (Crozier 1993 , Clifford et al. 1998a and Canada (Bourret et al. 2011) . In the most comprehensive of these studies (Glover et al. 2013) , the cumulative genetic introgression of farmed salmon over a period of 2 to 4 decades was estimated in 20 rivers spanning the entire Norwegian coastline. This was achieved through the analysis of a set of single nucleotide polymorphisms (SNPs) that collectively are diagnostic between wild and farmed Atlantic salmon (Karlsson et al. 2011) . Estimated introgression ranged from 2 to 47% in the 20 rivers. However, the weighted mean frequency of farmed salmon (relative frequency of farmed salmon in the rivers combining data from summer and autumn) over the period of study (Diserud et al. 2012 ) left the major part of variation in estimated genetic introgression unexplained. Therefore, other variables, in addition to relative frequency of escapees, may be important for explaining the divergent pattern of introgression among rivers. Glover et al. (2013) suggested that the density of the native population, through competition on the spawning grounds, may modify the potential for introgression.
Here, we performed a statistical analysis of various population and river-specific factors, together with the estimated levels of cumulative introgression from the SNP-based study of introgression in 20 Norwegian rivers (Glover et al. 2013) , in order to try to understand the divergent patterns of genetic introgression of escaped farmed salmon in natural populations. Secondly, we used statistical modelling to investigate levels of cumulative introgression in a wider set of rivers.
MATERIALS AND METHODS

Data sources
In order to form the basis of the modeling in the present study, we used the percentage of cumulative introgression of farmed salmon in 20 native rivers estimated by Glover et al. (2013) using genetic data (Table 3 in Glover et al. 2013) . We obtained data on the following potential explanatory factors: relative frequency of farmed salmon in the population in 1989−2009 (Diserud et al. 2012) , average weight of individual fish in the catch in 1989−2009, average annual total catch weight in 1989−2009 (for the years with non-zero catch; Anonymous 2014a), and total habitat area (Anonymous 2014b) . Angling catch can serve as a proxy of current population size (al though not without caveats, see Branch et al. 2011) ; this variable was log-transformed for the analysis. In addition to wild salmon, catches include an unknown proportion of escaped farmed salmon. Habitat area was not used directly but was used to derive a proxy related to density of spawners: catch per area is defined as the ratio between average annual total catch weight and the habitat area; this variable was square root transformed for the analysis.
Statistical analysis
The data analysis consisted of 2 steps. First, we identified the best model to explain the variability in the percentage of introgression in the 20 rivers analyzed by Glover et al. (2013) . Second, we used the best model to predict introgression in a set of 99 Norwegian salmon rivers.
Because the response variable, percentage of introgression, is a real-valued variable bounded to the interval 0−100%, we used beta regression (Ferrari & Cribari-Neto 2004 , Cribari-Neto & Zeileis 2010 with a logit link function. We considered all possible model combinations resulting from our 4 explanatory variables, resulting in 16 candidate models. We ranked the models according to the small-sample version of Akaike's Information Criterion (AIC c ; Burn ham & Anderson 2002). The top-ranking model based on AIC was used to predict the percentage of introgression in a larger dataset of 99 rivers both with and without prediction error. Prediction error was included by bootstrapping the residuals of the model used in the prediction. All analyses were conducted with R 3.1.1 (R Core Team 2014).
RESULTS
No single model emerges as clearly superior in explaining the percentage of introgression in 20 rivers analyzed by Glover et al. (2013) . Three models have substantial empirical support (ΔAIC c , < 2); these models include either catch weight or the relative frequency of escaped farmed salmon in the spawning population as the explanatory variable, or both, the last one also being the top-ranking model (Table 1) . In terms of likelihood ratio testing, the top-ranking model (%Introgression ~ %Escaped + Catch weight) is significantly better than the next best one (%Intro-gression ~ Catch weight: χ 2 = 5.51, p = 0.019) and the third best model (%Introgression ~ %Escaped: χ 2 = 6.82, p = 0.009).
The best model (Table 1) explains 51% of the variability in the data and contains a positive effect of the relative frequency of farmed escaped salmon (coefficient for normalized variable: 0.303, SE = 0.114, p = 0.008) and a negative effect of catch weight (coefficient for normalized variable: −0.474, SE = 0.147, p = 0.001). Thus, the effect of catch weight is quantitatively stronger than that of the relative frequency of escaped farmed salmon. Also in isolation, catch weight is a better predictor of introgression than the relative frequency of escaped farmed salmon: the model with only catch weight explains 41% of variability in the data, whereas the model with only the relative frequency of escaped farmed salmon explains 33% of variability. Moreover, the predictive power of catch weight is less sensitive to the most influential observation in the data, the river with the highest frequency of escapees ( Fig. 1) : dropping this observation reduces the explanatory power of the model with catch weight to 33%, but that of the model with the relative frequency of escaped farmed salmon to 11%.
We used the best model (Table 1) to predict the percentage of introgression in 99 Norwegian rivers where the relative frequency of farmed salmon and catch weights are available. In comparison to the relative frequency of farmed escaped salmon (Fig. 1b) , fewer rivers appear to be either very heavily or very lightly impacted (Fig. 1c) . For example, 42 and 5 rivers have frequencies of escaped farmed salmon <10% or ≥50%, respectively. However, only 24 rivers are predicted to have introgression <10%; introgression ≥50% is predicted for 1 river only. However, if we account for prediction error (Fig. 1d) , then 32 rivers are predicted to have introgression <10% and 9 rivers are predicted to have introgression ≥50%. The observed frequency of escaped farmed salmon (median 12%, mean 16.4%) is somewhat lower than the predicted introgression without (median 15.8%, mean 17.5%) or with prediction error (median 16.2%, mean 21.8%).
DISCUSSION
Here, we demonstrate that a combination of the observed relative frequency of escaped farmed salmon, together with the average annual angling catch weights for rivers, provides a significantly better predictor for cumulative introgression of farmed salmon in wild populations than when using just the observed relative frequency of farmed salmon alone, or when using various combinations of the other demographic factors investigated (Table 1) . Our results therefore suggest that factors other than the presence of farmed salmon in rivers also play significant roles in determining cumulative introgression of farmed salmon into wild populations. Glover et al. (2013) suggested that the density of the native population may influence the relative success of escaped farmed salmon, and thus their ability to successfully introgress in native populations. This could be mediated through competition on the spawning grounds (Fleming et al. 1996 (Fleming et al. , 2000 , as well as juvenile competition in the river (McGinnity et al. 1997 , 2003 , Fleming et al. 2000 ). In our analysis, none of the models with substantial empirical support included our proxy of salmon density, i.e. catch per area. Instead, we found that the average annual angling catch weights for rivers is a good explanatory variable. Remarkably, it is even a better explanatory variable than the observed relative frequency of farmed salmon, regardless of whether these 2 variables are analyzed together or separately.
Clearly, annual angling catch weight must act as a proxy of some important factor, rather than being important in its own right. Average angling catch weights over several years can be regarded as a Glover et al. (2013) . ΔAIC c,i is AIC difference between model i and the best model and w i is the Akaike weight of model i. Akaike weights indicate the relative weight of evidence that a particular models is the best one; the remaining 8 models have a total Akaike weight of 0.03. Pseudo-R 2 describes the variability explained by the model. %Escaped = observed frequency of escaped farmed salmon (Diserud et al. 2012) ; CatchWeight = average annual catch weight; CatchPerArea = catch per area, defined as CatchWeight per total habitat area; Weight = mean weight of captured fish proxy of population size, although not necessarily a good one (Branch et al. 2011) . However, it is not clear why large populations should be less sensitive to introgression than small ones, given a certain proportion of farmed salmon present in a river. Average angling catch may also serve as a proxy of population status or density, assuming that healthy populations provide large catches. However, angling catch is only weakly correlated with our proxy of density, and this proxy did not perform well in the analysis. Of course, the proxy of density we have used might simply be a poor indicator of 'true' densities of spawners or early life-history stages; it is catch-based and as such inherits the weakness of catch as a proxy of population size. Thus, our results do not necessarily refute the density hypothesis. An alternative explanation for the importance of angling catch weights reverses the causal direction: it is possible that rivers with high levels of introgression become less productive, and hence, provide lower catches. We have no data, however, to support this suggestion. Even though the observed relative frequency of escaped farmed salmon is a relatively poor predictor of cumulative introgression at the level of single rivers, it serves as a relatively good proxy of overall introgression. Using our best model to predict cumulative introgression in a larger set of rivers, we find an overall level of introgression (Fig. 1c,d ) that is only slightly higher than the observed frequency of escaped farmed salmon (Fig. 1b) . In summary, the results of the present study are based upon empirical data of introgression in 20 salmon rivers. In order to try to explain the observed patterns of cumulative introgression, only 4 potential explanatory demographic variables, and combinations therein, were evaluated. Nevertheless, the established model was still able to explain 51% of the variation in the patterns of introgression observed in the 20 rivers (Glover et al. 2013) . One of the weaknesses of the present study is that a direct estimate of population density was not available. Instead, we only had a proxy of population density, which did not emerge as important in our analysis. Instead, the average angling catch emerged as important. In general, our results point to the importance of demographic processes that happen in the spawning grounds and nursery habitat, i.e. spawning success and survival of the offspring in a competitive environment, but leave the actual mechanisms open. In order to address this, modeling with larger data sets and more demographic data (in particular, density and components of productivity) will be required. Not only will this increase our understanding of the underlying mechanisms that influence the success of farmed escaped salmon in the wild, but it is also essential for sound, science-based policy. 
